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ABSTRACT
1. Sex-specific variations in early embryonic development rates may pre-empt later variations in
embryonic development through to pipping and hatching. Given that erythropoiesis (blood produc-
tion) can be equated with early embryonic growth rate, it was hypothesised that blood pigment
haemoglobin can act as a specific spectral fingerprint for changes in growth rate. Moreover, by
measuring longitudinal, rather than lateral, spectral transmission through the egg, a more consistent
spectrum with a higher signal-to-noise ratio could be captured.
2. Longitudinal visible transmission (T575/T598 ratio), which is sensitive to haemoglobin, was used to
monitor sex-specific early embryonic development rate in white layer chicken eggs from d 0 to 8 of
incubation. The sex of these eggs was subsequently confirmed two days after hatching.
3. Embryonic development was detectable from d 3 (72 h) of incubation, 36 h earlier than previously
reported lateral spectral measurements, supporting the greater sensitivity of longitudinal
measurements.
4. At d 3, the mean T575/T598 ratio for male embryos was significantly lower (P < 0.001) (i.e. higher
absorbance of haemoglobin) than for female embryos, which was thought to be due to sex-
differences in early embryogenesis. On the other hand, female embryos had a significantly lower
(P < 0.05) mean T575/T598 ratio than male embryos at d 7 of incubation, presumably due to the
combined effects of oestrogen synthesis receptors and enzymes on erythropoiesis in female embryos
at this time.
5. In conclusion, the proposed methodology has the sensitivity to differentiate sex-specific embryonic
development rates during early incubation and the potentiality to advance precision incubation
management and poultry research.
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Monitoring early embryonic development has many poten-
tial applications, both for research and incubation manage-
ment. From a research point of view, it is of interest to
evaluate variations in early embryonic development rates,
which may be correlated with variations in late embryonic
development right through to pipping and hatching
(Muambi et al. 1980).
Nowadays, several non-destructive techniques are avail-
able to monitor early embryonic growth during incubation,
including acoustic resonance analysis and lateral visible light
transmission (T575/T610). However, acoustic resonance
analysis requires numerous consecutive measurements,
making the technique laborious and time-consuming
(Kemps et al. 2009), while lateral visible light transmission
technology cannot detect embryonic development earlier
than 108 h into incubation (Bamelis et al. 2002). Moreover,
lateral light transmission can be influenced by changes in
yolk shape and position during incubation. This is because,
soon after incubation begins, the yolk moves from the centre
to the upper right pole beneath the eggshell to facilitate
embryonic respiration through blood vessels of the yolk sac
membrane (Meuer and Egbers 1990). On the other hand,
measuring light transmission along the main longitudinal
axis of table eggs has been reported to provide more uniform
spectra, with a higher signal to noise ratio than lateral spec-
tral transmission measurements (Mehdizadeh et al. 2014).
These observations led to the hypothesis that longitudinal
visible light transmission measurements could provide ear-
lier, more sensitive, and non-destructive measurements of
embryonic growth rate, which may be correlated with varia-
tions in late embryonic development right through to pip-
ping and hatching.
More importantly, when researchers have non-
destructively examined early embryonic growth rate, they
have not taken into consideration the potential of sex-related
growth rate differences. Being able to monitor sex-specific
early embryonic growth rate in a non-destructive way could
potentially reveal useful information that provides linkages
between pre- and early incubation egg characteristics and
post-hatch chick performance (Kemps et al. 2009).
Moreover, embryonic growth is influenced by both endogen-
ous and exogenous factors (Bahr et al. 2013). Hence, non-
destructively monitoring sex-specific early embryonic growth
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rates during incubation may reveal useful information related
to the influence of exogenous (e.g. temperature) and endogen-
ous factors (e.g. hormones) on sex-specific embryonic devel-
opment rates (Nakabayashi et al. 1998; Aslam et al. 2013).
While direct measurement of embryonic growth rate is
problematic, the production of blood is known to take place
from d 2 of incubation in a fertile egg (Evans and Romanoff
2006). Moreover, red blood cell mass is tightly correlated
with embryonic growth for the entire incubation period
(Barnes and Jensen 1959). This could provide an indirect
indicator of embryonic growth rate, given that haemoglobin,
the detectable pigment in blood, has three absorption bands
at 415, 539, and 575 nm when visible light is transmitted
through an egg containing blood. However, for brown
coloured eggshells containing protoporphyrin, there is
a confounding factor of three absorption bands at 539, 589
and 643 nm (Brant et al. 1953), while the eggshell itself
absorbs most of the light below 500 nm. This, together with
variability in egg characteristics such as shell thickness and
yolk colour, has led researchers to combine reference wave-
lengths to minimise interference (e.g. at 598 and 610 nm)
with transmittance measurements at 575 nm to detect blood
in both white and brown eggs (Gielen et al. 1979).
It was hypothesised that using the ratio of two wave-
lengths (T575/T598) from the longitudinal visible light
transmission spectrum would enable specific detection of
blood production in fertile eggs, providing a non-
destructive, sensitive, consistent, and indirect metric that
could discriminate sex-specific embryonic growth rates dur-
ing early embryonic development. Therefore, this study was
undertaken to monitor sex-specific, early embryonic growth
rates in white layer chicken eggs from d 0 to 8 of incubation.
Materials and methods
This study was carried out in strict compliance with the
regulations pertaining to animal experiments at Kyoto
University (Guide for the Care and Use of Laboratory
Animals). The regulations were approved by the Kyoto
University Animal Experimentation Committee (Permit
Number: 29–59). The study did not involve endangered or
protected species. All efforts were made to minimise animal
suffering. Eggs were incubated at a comfortable temperature
and humidity, and chicks were humanely killed (i.e. carbon
dioxide gassing).
Spectral acquisition system
The transmission spectra of eggs were measured, one at
a time, in a lightproof box using a Mercury-Xenon lamp
(Lightningcure LC8 (L8253), Hamamatsu Photonics, K. K.,
Japan) as a light source and a photonic multichannel analyser
(PMA-12, model C10027-01, Hamamatsu Photonics K. K.,
Japan) as the detector as shown in Figure 1.
The light was focused on the blunt end of the egg surface
by using an illuminating fibre 5 mm in diameter and the light
transmitted through the egg (Xraw) was transported to the
detector by an optical fibre with a 1 mm effective receiving
diameter. An integration time of 50 ms was used to obtain an
adequate signal at the detector. The spectrophotometer was
calibrated (Xref) using a 40 mm thick pure Teflon block
(PTFE push rod Ø45 mm, Chukoh Chemical Industries,
Ltd., Japan) (Aboonajmi and Najafabadi 2014). Moreover,
a correction was made for electrical noise (Xnoise) by measur-
ing the spectrum without light exposure to the spectrophot-
ometer. All spectral measurements were done inside
a lightproof box to shield any stray light from reaching the
spectrophotometer. An average of 10 spectra was taken at
each measurement time point to reduce the noise of the
received signal. Therefore, the total transmission spectrum
measurement time required for a single egg was 0.5 s. The
transmission spectrum of each egg (Xi) was measured over
the spectral range of 200–955 nm with a wavelength resolu-
tion of less than 2 nm. The software package PMA-12
Spectral Analyzer for Windows (PMA Software U10472-01,
Hamamatsu Photonics K.K., Japan) was used to control the
Figure 1. Schematic (a) and pictorial (b) diagrams of the spectral acquisition system.
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spectral acquisition process. The distance between the illu-
minating and the optical fibre was kept at 70 mm to obtain
a consistent transmission spectrum throughout the spectral
transmission measurement during incubation. The raw
transmission spectra of the eggs (Xraw) were transformed
into relative transmission (X) values at all wavelengths
i using the following equation:
Xi ¼ Xraw;i  Xnoise;iXref ;i  Xnoise;i (1)
To minimise the exposure time of each incubation tray
(containing 30 eggs) outside the incubator (15 (±2) min),
eggs were immediately placed back into the incubator after
the spectral transmission measurements. Moreover, during
spectral transmission measurement, the temperature of the
eggs was carefully maintained by using a warm electric
blanket set to 37 (±0.5)ºC to avoid the influence of ambient
temperature on the growth of the embryo. The transmission
was measured once in a day from the beginning of incuba-
tion (i.e. d 0) to d 8 of incubation. To correct the transmis-
sion spectra for egg characteristics (e.g. eggshell thickness
and yolk colour) all intensities in the spectra were divided by
the intensity at the reference wavelength of 598 nm (Gielen
et al. 1979). For these ‘corrected spectra’, the ordinate
became a ratio scale. Finally, the ratio of T575/T598 was
used to monitor the sex-specific embryonic development
rates based on the production of haemoglobin pigment in
the red blood cells.
Experimental design
In total, 232 freshly laid, white shell, clean, unwashed and
fertile eggs from 241 d old Lohman LSL-Lite (known in
Japan as Julia-Lite) layer chickens were collected from
a commercial poultry hatchery (Japan Layer k. k., Gifu,
Japan). Firstly, eggs were uniquely numbered at the equa-
tor with an HB pencil, followed by measurement of
physical parameters, such as initial egg weight, long dia-
meter and short diameter. Upon completion of the mea-
surements, the eggs were immediately stored at 15
(±0.5)ºC and 80 (±5)% relative humidity (RH) following
standard poultry hatchery practice to prevent embryonic
development prior to incubation. For incubation, the eggs
were preheated for 16 h (first 6 h at 28ºC and the
remaining 10 h at 30ºC) followed by incubation and
hatching, as reported by Islam et al. (2015). Two eggs
were randomly selected, and each sacrificed for micro-
scopic (KEYENCE VHX-500F Digital Microscope,
KEYENCE CORPORATION, USA) observation of
embryonic development at d 1 and 2.5, respectively. The
infertile eggs were identified by visual candling at the
beginning of d 4 of incubation, followed by confirmation
by visual observation after breaking the eggs at d 9 of
incubation. Of the remaining 230 eggs, 206 eggs were
successfully hatched, while 14 eggs were infertile.
Besides, there were four early deaths (during the first
third of incubation) and six late deaths (before piping).
At hatch, uniquely numbered plastic leg bands were fitted
to each chick’s leg, and they were placed in standard
brood units set to 35ºC and 60 (±5)% RH (Mickelberry
et al. 1966). The average post-hatch eggshell thickness
(APHEST) was calculated from the measured shell thick-
ness at three positions (i.e. blunt end, pointed end, and
equator) to evaluate the influence of eggshell thickness on
results obtained based on the T575/T598 ratio. A digital
weighing machine (Shinko Denshi Co., Ltd.) with 0.01 g
accuracy, Mitutoyo digital Vernier caliper and Mitutoyo
digital micrometer were used for weighing and measuring
the egg dimensions (length and width) and post-hatch
eggshell thickness, respectively. The female chicks have
faster feathering (the primary wing feathers are longer
than the covert feathers), while male chicks are slow to
feather (primary and covert feathers are the same length).
In a small percentage of male chicks, covert feathers may
be longer than the primary feathers (deemed as super
slow feathering). Thus, the sex of the hatched chicks
(n = 206) was identified by feather sexing at two days
of age (Schroeder 1933) as shown in Figure 2. In total,
there were 97 males and 109 female chicks, respectively.
Statistical analysis
Welch’s unequal variances t-test is a reliable method to
assess whether the means of two classes having unequal
sample sizes are statistically different from each other
(Ruxton 2006). Therefore, the difference in the means
between different groups and between within groups of
eggs was examined with Welch’s unequal variances t-test
with a P-value of 0.05 indicating significance (Gaetano
2018).
Figure 2. Feather sexing of male (a) and female (b) chicks.
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Results
During the experimental period, the highest transmission rates
(visible region) were observed at d 0 between 500 to 750 nm,
being particularly strong at 670 nm. Thereafter, transmission
rates decreased to their lowest at d 8, where there was only
observable transmittance between 600–750 nm. The mean
transmission spectra of eggs in the visible region from d 0 to
8 of incubation are shown in Figure 3. There were very small
decreases at 539, 589 and 643 nm due to the presence of small
amounts of protoporphyrin in the white shell eggs.
Microscopic observation of embryo
Using microscopic examination, embryonic tissue develop-
ment was observed on d 1, as shown in Figure 4(a). There
were clearly visible blastoderm periphery and blood vessels at
d 2.5 (i.e., after 60 h) of incubation, as shown in Figure 4(b).
T575/T598 ratio of fertile and infertile eggs
From the corrected spectra of eggs, the T575/T598 ratio
(transmission intensity at 575 nm divided by that at
598 nm) was extracted and used to exclude effects of light
absorption from any other egg components other than hae-
moglobin. The T575/T598 ratio of fertile versus infertile eggs
started to diverge from d 3 and that development of the
blastoderm and blood vessels in fertile eggs proceeded this
divergence. There were significant differences (P < 0.001)
with the infertile eggs up to d 8 of incubation, as shown in
Figure 5. While, in infertile eggs, the decrease of T575/T598
ratio was not significant (P > 0.01) over the same period, as
shown in Figure 5.
T575/T598 ratio of male and female eggs
Changes in T575/T598 ratio for male and female embryos
from d 0 to 8 of incubation are shown in Figure 6.
The male eggs had a significantly smaller (P < 0.001)
T575/T598 ratio (i.e. higher absorbance of haemoglobin)
compared to female eggs at d 3 of incubation, as shown in
Figure 6. However, there were no significant sex-differences
(P < 0.05) in T575/T598 ratio from d 4 to 6 of incubation.
By d 7 of incubation, the mean value of T575/T598 ratio for
female eggs was significantly smaller (P < 0.05) (i.e. higher
Figure 3. Mean transmission spectra of eggs at different incubation time in the visible region.
Figure 4. Microscopic view of embryo at day 1 (a) and day 2.5 (b).
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absorbance of haemoglobin) than male eggs, as shown in
Figure 6.
Welch’s unequal variances t-test confirmed that there was
no undue influence of initial egg weight, length, width or
post-hatch eggshell thickness on the mean T575/T598 ratio
between the male and female egg groups, as shown in Table 1.
There were no significant differences (P > 0.05) in mean
weight, length, width and APHEST between male and female
eggs, which implied that the significant sex-differences
observed in T575/T598 ratio at d 3 (P < 0.001) and d 7
(P < 0.05) were not influenced by these egg characteristics.
Discussion
The intensity of the transmission spectra decreased as incuba-
tion progressed. Themost significant decreases in spectral trans-
missionwere in the 570–590 nm, 620–630 nm, and 640–650 nm
regions, which was consistent with the reported findings of
Islam et al. (2015). Due to increasing embryonic blood produc-
tion, the decrease in spectral transmission (570–580 nm) from
incubation d 2 onwards was thought to be due to the build-up
and absorption of light by haemoglobin in the embryonic red
blood cells (Md et al. 2017). It was observed under the
Figure 5. The change in the T575/T598 ratio during early incubation (points represent means, error bars represent standard error of means). Significantly different
means within each group are indicated with a different letter (p < 0.01).
Figure 6. The change in the T575/T598 ratio for male and female eggs during early incubation (points represent means, error bars represent standard error of
means). Single asterisk (*) indicates (p < 0.05) and Triple asterisks (***) indicate (p < 0.001).
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microscope that the primary blood system of the yolk sac
membrane and the area vasculosa were evident by d 2–3 of
incubation. This is the period when the vitelline arteries that
carry blood from the embryo heart to the periphery of the
blastoderm become clearly visible (Baggott 2009). Another
important physiological change occurring at this time was the
appearance of sub-embryonic fluid (SEF) in the yolk sac beneath
the embryo (New 1956), which increases rapidly to occupy the
upper portion of the yolk sac, destroying the internal structure of
the yolk (Schlesinger 1958). This was probably why no signifi-
cant decreases in T575/T598 ratio (P > 0.01) were observed in
fertile eggs until d 2 of incubation, as shown in Figure 5. The very
high absorption of visible light by the non-transparent yolk
(Williams and Norris 1987) masked any changes in haemoglo-
bin content. As soon as the formation of the new compartment
of transparent SEF begins at the top of the yolk beneath the
embryo from day 2 (New 1956), the yolk becomes translucent
andmore light can traverse the yolk sac. This would explainwhy
the significant (P < 0.001) decrease in T575/T598 ratio was only
observed in fertile eggs from d 3 of incubation. Thus, embryonic
development was first detected at d 3 (72 h) of incubation, 36 h
earlier than previously reported lateral spectral measurement
(Bamelis et al. 2002), supporting greater sensitivity for long-
itudinal spectral measurements.
Two major trends were observed over time for changes in
the T575/T598 ratio, which were consistent with the devel-
opment of the haematocrit (the ratio of the volume of red
blood cells to the total volume of blood) during erythropoi-
esis reported by Johnston (1955), which mimics increases in
haemoglobin in embryonic erythrocytes (Campbell et al.
1971). First, a linear decrease in T575/T598 ratio (i.e. an
increase in haemoglobin content of embryonic blood) was
observed until d 5, followed by a plateau between d 5 and 6,
corresponding to the transition from the proliferative to the
non-proliferative phase of primitive erythrocytes. This pla-
teau can be seen in the changes over time in T575/T598 ratio
observed, corresponding to the lower haemoglobin synthesis
rate during the non-proliferative than the proliferative phase
(Campbell et al. 1971).
Secondly, at d 7, there was a small but significant rise
(P < 0.001) in the T575/T598 ratio, details of which will be
discussed later. While the small observed decrease in the
T575/T598 ratio in infertile eggs during incubation were co-
incidental with known physico-chemical processes (such as
Maillard reaction, decrease of Haugh unit and increase of
pH), which can result in the production of brown melanoi-
dins (Burley 1989) that absorb light in the visible part of the
spectra (Bamelis et al. 2005).
At d 3 of incubation, the significantly lower (P < 0.001)
T575/T598 ratio in males could be associated with the sex-
dependent variations in viability and vigour of the embryo at
that time (Hamburger and Hamilton 1992). Moreover, sex-
specific development has been reported to occur from the
onset of embryogenesis in domestic chickens with males
developing faster than females during the first phase of
incubation (∼30 h) due to over-expression of cell-
proliferation genes in males (Tagirov and Golovan 2015).
This is in agreement with Galli et al. (2017), who observed
significantly higher haemoglobin fluorescence in male
embryos at d 3.5, who used an in ovo fluorescence spectro-
scopic measurement of main vitelline vessels through an
eggshell window.
While the lack of significant sex-differences (P > 0.05) in
the T575/T598 ratio from d 4 to 6 may have resulted from
known increases in oestrogen synthesis receptors and enzyme
production and its subsequent promotion of erythropoiesis in
females during this period, the differences between male and
female haemoglobin levels were being reduced. Oestrogen
receptors transcripts have been detected in the gonads of
both male and female chick embryos at d 4.5, 5.5 and 6.5,
and in female, but not male, urogenital tissues at d 3.5.
Moreover, it has been noted that the capacity to synthesise
oestrogen is specific to females (Nakabayashi et al. 1998;
Smith et al. 1997). It should be noted that the effects of
oestrogen on erythropoiesis in chickens have not been
reported. However, research on mice has shown that increases
in oestrogen promoted blood-forming stem cell proliferation
and erythropoiesis in females (Nakada et al. 2014). From
these considerations, it can be suggested that increased oes-
trogen synthesis receptors and enzyme production in females
during this period may have promoted blood production.
At d 7, there was a sudden rise in T575/T598 ratio for both
male and female eggs. This can be explained by the rapid
decrease in SEF after d 6 of incubation (Deeming 1989). This
explanation is consistent with Bamelis et al. (2002), who
reported the importance of SEF development for detection
of the change in the transmission ratio to detect blood in
fertile eggs. Moreover, the rise in T575/T598 ratio was sig-
nificantly less (P < 0.05) in female eggs. This result was
consistent with the above explanation regarding increased
blood production due to oestrogen synthesis receptors and
enzyme production in females, which would result in higher
blood levels and lower T575/T598 ratio. This findings agreed
with what Galli et al. (2017) reported, i.e. a steady-state
increase in haemoglobin fluorescence in female embryos
from d 4.5 to day 7.5. However, the reduction of
T575/T598 ratio at d 8 is not understood and need further
research. The current results showed that the T575/T598
ratio differed in a sex-specific way in chicken eggs during
early embryonic development (i.e. at d 3 and 7), even when
the male and female eggs were of a similar (P > 0.05) weight,
length, width and eggshell thickness. Therefore, this non-
destructive monitoring of sex-specific early embryonic
growth rate using longitudinal visible light transmission
has the potential to evaluate sex-specific variation in the
early embryonic development rate, which may have
Table 1. Characteristics of hatched egg samples.
Egg groups (number)
Mean (Standard deviation)
Weight (g) Length (mm) Width (mm) APHEST (mm)
Female (n = 109) 61.042 (±3.099) 56.905 (±1.602) 43.904 (±0.911) 0.325 (±0.022)
Male (n = 97) 60.858 (±3.291) 57.169 (±1.585) 43.780 (±0.941) 0.326 (±0.019)
Significance ns ns ns ns
ns = Not significant (i.e., p > 0.05)
APHEST = Average post-hatch egg shell thickness
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carry-over effects on the variation in late embryonic devel-
opment, as well as time and duration of pipping and
hatching.
Conclusions
The non-destructive longitudinal visible transmission
technique developed in this experiment can detect
embryonic development by d 3 of incubation, giving
a significant improvement over lateral visible transmis-
sion measurement. In addition, at d 3 of incubation, male
eggs had a significantly lower (P < 0.001) T575/T598 ratio
(i.e. higher absorbance of haemoglobin) than female eggs,
indicative of faster erythropoiesis (i.e. faster development)
in male embryos in the first phases of incubation (∼30 h).
By d 7 the result was reversed, whereby female eggs had
a significantly lower (P < 0.05) T575/T598 ratio (i.e.,
higher absorbance of haemoglobin) than male eggs, pre-
sumably due to the combined effects of oestrogen recep-
tors and enzymes necessary for oestrogen synthesis on
erythropoiesis (i.e., blood production) in females. This
new methodology has the sensitivity to differentiate sex-
specific embryonic development rates during early incu-
bation, and thus the potential to contribute to the expan-
sion of precision incubation management and avian
research.
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